

  remotesensing-16-01656




remotesensing-16-01656







Remote Sens. 2024, 16(10), 1656; doi:10.3390/rs16101656




Article



Overestimated Fog-Top Entrainment in WRF Simulation Leading to Unrealistic Dissipation of Sea Fog: A Case Study



Li Zhang †, Hao Shi †, Shanhong Gao * and Shun Li





Key Laboratory of Physical Oceanography, College of Oceanic and Atmospheric Sciences, Ocean University of China, Qingdao 266100, China









*



Correspondence: gaosh@ouc.edu.cn






†



These authors contributed equally to this work.









Citation: Zhang, L.; Shi, H.; Gao, S.; Li, S. Overestimated Fog-Top Entrainment in WRF Simulation Leading to Unrealistic Dissipation of Sea Fog: A Case Study. Remote Sens. 2024, 16, 1656. https://doi.org/10.3390/rs16101656



Academic Editor: Costas Varotsos



Received: 2 March 2024 / Revised: 1 May 2024 / Accepted: 3 May 2024 / Published: 7 May 2024



Abstract

:

Entrainment at the top of the planetary boundary layer (PBL) is of significant importance because it controls the upward growth of the PBL height. An option called ysu_topdown_pblmix, which provides a parameterization of fog-top entrainment, has been proposed for valley fog modeling and introduced into the YSU (Yonsei University) PBL scheme in the Weather Research and Forecasting (WRF) model. However, enabling this option in simulations of sea fog over the Yellow Sea typically results in unrealistic dissipation near the fog bottom and even within the entire fog layer. In this study, we theoretically examine the composition of the option ysu_topdown_pblmix, and then argue that one term in this option might be redundant for sea-fog modeling. The fog-top variables are employed in this term to determine the basic entrainment in the dry PBL, which is already parameterized by the surface variables in the original YSU PBL scheme. This term likely leads to an overestimation of the fog-top entrainment rate, so we refer to it as redundant. To explore the connection between the redundant term and unrealistic dissipation, a widespread sea-fog episode over the Yellow Sea is employed as a case study based on the WRF model. The simulation results clearly attribute the unrealistic dissipation to the extra entrainment rate that the redundant term induces. Fog-top entrainment is unexpectedly overestimated due to this extra entrainment rate, resulting in a significantly drier and warmer bias within the interior of sea fog. When sea fog develops and reaches a temperature lower than the sea surface, the sea surface functions as a warming source to heat the fog bottom jointly with the downward heat flux brought by the fog-top entrainment, leading the dissipation to initially occur near the fog bottom and then gradually expand upwards. We suggest a straightforward method to modify the option ysu_topdown_pblmix for sea-fog modeling that eliminates the redundant term. The improvement effect of this method was supported by the results of sensitivity tests. However, more sea-fog cases are required to validate the modification method.
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1. Introduction


Sea fog is a hazardous weather phenomenon that occurs in the lower part of the atmosphere over the sea and coast [1]. It reduces atmospheric horizontal visibility to less than 1 km, and sometimes even lower, and has become a high-impact weather event comparable to tornadoes or, sometimes, even to hurricanes [2]. The Yellow Sea, depicted in Figure 1a, is a prominent maritime region in China known for its frequent occurrences of coastal and widespread sea fogs [1,3,4,5]. At times, a widespread sea fog may occupy almost half or more of the Yellow Sea (see a typical sea-fog episode illustrated in Figure 1b). Sea fog, which is distinguished by poor visibility, has significant impacts on a wide range of maritime activities, such as maritime transportation, marine fishing and aquaculture, and large-scale offshore activities, resulting in serious consequences. Furthermore, the presence of high humidity in sea fog can lead to an increase in atmospheric turbidity in coastal regions, which can have a negative impact on the effectiveness of harnessing solar energy at sea [6].



Numerical simulation has become as a primary approach to investigating and forecasting sea fog. Due to its high sensitivity to initial conditions, data assimilation is critical for the accurate numerical simulation of sea fog [7,8,9,10,11]. Due to the fact that sea fog is a cloud process occurring within the atmospheric boundary layer (also known as the planet boundary layer, PBL), relying solely on data assimilation does not guarantee accurate sea-fog forecasts when the numerical weather model employed is defective, particularly with regard to the PBL and microphysics schemes. These two schemes significantly influence the efficacy of sea-fog simulation. Prior research has shown that, when modeling sea fog with the Weather Research and Forecasting (WRF) model [12,13], the combination of the YSU (Yonsei University) PBL scheme [14] (hereafter YSU scheme) and the Perdue–Lin microphysics scheme [15,16] (hereafter Lin scheme) yields much better outcomes compared to other combinations [17]. As far as we know, the YSU scheme is currently the most popular and widely used PBL scheme for conducting numerical studies on sea fog using the WRF model [9,18,19,20]. Even so, evaluations of, and improvements to, the YSU scheme have been continuously progressing for fog simulation [18,21,22].



The turbulence process described in the PBL scheme plays a crucial role in the formation and development of sea fog. Most sea fogs over the Yellow Sea are categorized as advection cooling fogs [1,3,4]. Warm and humid air masses, which originate from a warm sea region and are already well-mixed, are transported to the cooler sea surface of the Yellow Sea by a favorable weather system with southerly winds. This causes the air to cool down and condense through turbulent mixing. Based on previous studies [3,19,23,24,25,26,27,28,29], Figure 2 schematically shows the evolution of typical advection cooling sea fog. During the initial generation phase, turbulence generated by vertical wind shear near the sea surface is critical in spreading cooling from the colder sea surface upwards (see “bottom-up diffusion” in Figure 2), promoting sea-fog formation [3,24]. As the sea fog grows up to a certain depth, several physical processes at the fog top become important, including longwave radiative cooling, entrainment, and evaporation. The fog top can be regarded as an interface bridging the fog and the clear sky. The sea fog below is more humid, colder, and contains many fog droplets, quantified as liquid water content (LWC), whereas the clear sky above is less humid and warmer. Thus, longwave radiative cooling (LRC) at the fog top becomes effective in this situation. Consequently, a positive feedback process appears at the interface involving LWC and longwave radiative cooling (hereafter termed “LWC-LRC feedback”). In other words, longwave radiative cooling stimulates an increase in LWC, and in turn, the increased LWC boosts longwave radiative cooling. The positive feedback process makes the fog top another “cold surface” opposite to the colder sea surface and hence produces a peak value of LWC near the top of the fog layer (hereafter termed “fog-top LWC peak”). This is supported by previous numerical modeling with fine vertical resolution [3,19,30]. In particular, a large eddy simulation has revealed it in detail and identifies it as the result of longwave radiative cooling at the fog top [30].



Besides the feedback process associated with LWC and longwave radiative cooling on the fog top, there is also another important feedback process. The longwave radiative cooling can intensify the entrainment (see “top-driven diffusion” in Figure 2), and the negatively buoyant downdrafts formed from the entrained air produce additional turbulence that can enhance entrainment and mixing (see “top-down mixing” in Figure 2). The newly entrained air can then also become unstable and sink, leading to even more turbulence and more entrainment. This positive feedback process (hereafter termed “entrainment–mixing feedback”) can cause the sea fog to entrain large amounts of dry air, resulting in the evaporation and even dissipation of the fog [23]. Therefore, it can be stated that the fog-top entrainment parameterization is an important issue in sea-fog modeling.



Starting from version 3.7, the WRF model includes the updated YSU scheme with an additional option called ysu_topdown_pblmix based on the work by Wilson and Fovell [21]. They suggested this approach to address the challenge of predicting valley radiation fog due to the absence of the physics required to lift fog into a low stratus. The option ysu_topdown_pblmix introduces an additional entrainment term to account for the turbulence generated by cloud-top (radiative and evaporative). Yang and Gao [19] explored the impact of this additional option on sea-fog modeling in a case over the Yellow Sea. They reported that enhanced buoyant turbulence causes warming and dehumidifying, which slightly lifts the sea-fog bottom and substantially reduces unrealistic fog area predictions. As a result, we activated this option in the WRF-based Yellow Sea fog prediction system we developed. However, we noticed that the bottom of the sea fog lifts unexpectedly in many forecasting results. This side effect of the option ysu_topdown_pblmix was confirmed by Tian et al. [31]. They stressed the necessity of activating the option ysu_topdown_pblmix for numerical simulations of fog in the North China Plain, but also pointed out that the higher entrainment rate leads to faster lifting of the fog layer and quicker dissipation of the low-level fog.



We conjecture that the unrealistic dissipation at the bottom of the sea fog is triggered by overestimated entrainment. The purpose of this study is to investigate the fog-top entrainment parameterization described in the option ysu_topdown_pblmix, using a sea-fog case over the Yellow Sea. The remainder of the paper is organized as follows. Section 2 describes the methodology, which includes a brief overview of fog-top entrainment parameterization in the option ysu_topdown_pblmix, a budget contribution analysis of LWC and virtual potential temperature, and datasets. A typical sea-fog case, the model configuration, and the design of the numerical experiments are presented in Section 3. Section 4 shows the findings, investigating the correlation between overestimated entrainment and unrealistic dissipation, and proposes a modification for correcting the overestimation. Finally, conclusions and a discussion are provided in Section 5.




2. Methodology


2.1. Fog-Top Entrainment Parameterization


In the YSU scheme of the WRF model, the entrainment rate     w   e    , which drives the growth of the boundary layer, is determined by the average vertical heat flux of turbulence at the top of the boundary layer [32,33], denoted as       (   w   ′     θ   v   ′   )   h    ¯   . Thus,     w   e     is calculated by the following formula


    w   e   = −       (   w   ′     θ   v   ′   )   h    ¯    Δ   θ   v     ,  



(1)




where   Δ   θ   v     represents the vertical difference of virtual potential temperature (    θ   v    ) at the top of the boundary layer. When there is fog/stratus near the top of the boundary layer,       (   w   ′     θ   v   ′   )   h    ¯    is formulated in two parts [21]: the first part is contributed by surface heat fluxes (hereinafter referred to as     S H F   m i x    ), while the second part results from the cooling effect of longwave radiation and the evaporation process at the fog top (hereinafter referred to as     P B L   m i x    ). The corresponding expression can be written as


      (   w   ′     θ   v   ′   )   h    ¯  =   S H F   m i x   +   P B L   m i x   .  



(2)




Notice that the second term on the right side,     P B L   m i x    , is the core of the option ysu_topdown_pblmix mentioned in the introduction.



The parameterization of the entrainment process at the PBL top originates with the cloudless boundary layer. The rate of entrainment in the boundary layer, under clear sky conditions, is predominantly governed by the underlying surface process. The two driving forces, mechanical shear and buoyant convection driven by ground heating, are widely used in the parameterization description of the entrainment process in many studies [32,34,35,36]. Based on these studies, in the original YSU scheme, Hong et al. [14] summarized the form of     S H F   m i x     as


    S H F   m i x   = − 0.15       θ   v s     g         w   m   3     h   ,  



(3)




where     θ   v s       represents the virtual potential temperature at surface,   h   is the height of the boundary layer,   g   is the gravitational acceleration, and     w   m     is the velocity scale caused by surface layer turbulence. The coefficient of 0.15 is decided empirically using the results obtained from large eddy simulations [14]. Note that   h   is equivalent to the fog-top height when sea fog is present.



When fog is present in the boundary layer, the entrainment rate can be typically increased by 4–13 times compared to that in a dry boundary layer [33,36]. In their investigation of valley fog (radiation type), Wilson and Fovell [21] incorporated longwave radiative cooling and evaporative cooling mechanisms into the vertical heat flux at the fog top to improve the entrainment rate. They included these processes in the description of entrainment as follows:


    P B L   m i x   = − A       θ   v h     g         w   l   3     h   ,  



(4)






  A = 0.2   1 +   α   2   E   .  



(5)




In Equation (4),     θ   v h     represents     θ   v     at the top of boundary layer,     w   l     is the velocity scale at the top of the boundary layer produced by radiative cooling,   A   is an entrainment efficiency. As shown in Formula (5),   A   has a minimum value of 0.2 (i.e., a minimum threshold amplitude) to represent the entrainment efficiency in the dry convective boundary. The threshold of A is essential because A is the coefficient of the entire entrainment term in the previous studies [33,37]. In addition,   E   reflects the enhancement of the entrainment rate by the evaporation process with a corresponding coefficient     α   2    . The two significant fog-top processes, radiation and evaporation, are represented in     w   l     and E, respectively, in the following formulae


    w   l   3   =   g h     θ   h         I   h       ρ   h     c   p     ,  



(6)






  E =     L   v       c   p         q   h     Π Δ   θ   v     .  



(7)




In Formula (6),     I   h    ,     ρ   h    , and     θ   h     are radiative flux divergence, air density, and potential temperature at the fog top, respectively, and     c   p     is the heat capacity at constant pressure for dry air. In Formula (7),     L   v     is the latent heat of vaporization,     q   h     is the liquid water and ice after mixing cross the inversion, and   Π   is the Exner function. Consequently, in the YSU scheme, the entrainment rate     w   e     can now be expressed as


    w   e   =     0.15       θ   v     g         w   m   3     h Δ   θ   v      ⏟  +   R 1       0.2       θ   v h     g         w   l   3     h Δ   θ   v      ⏟    R 2   +     0.2 ×   α   2   E       θ   v h     g         w   l   3     h Δ   θ   v      ⏟    R 3   .  



(8)







In the calculation of     w   e     in Formula (8), the term R3 should be the dominant term as it comprehensively considers the combined effects of radiative and evaporative cooling, which is the fundamental purpose of option ysu_topdown_pblmix. In the opinion of Wilson and Fovell [21],     S H F   m i x     (i.e., the heat flux corresponding to the term   R 1  ) plays a minor role in the boundary layer with fog/stratus and can be neglected, so     P B L   m i x       can be directly added to       (   w   ′     θ   v   ′   )   h    ¯      to parameterize the entrainment process in the presence of fog/stratus. However, in a sea-fog episode, as the sea-fog layer develops over time, a cooler fog bottom and a relatively warmer sea surface cause the term R1 to become significantly effective. Furthermore, the term   R 1   should be used to estimate     w   e     for those areas where fog/stratus is absent, so that the term R1 should be retained to ensure consistency in the basic entrainment calculation throughout the simulation.



It is important to note that the reason why the term   R 2   appears in Formula (8) is because Formula (5) sets a minimum threshold amplitude of 0.2 for the dry boundary layer. However, the term   R 1   is already employed to parameterize fog-top entrainment by surface processes in the dry boundary layer. Inclusion of     w   l     in the term   R 2   leads to an additional entrainment rate considering radiative cooling in terms of actual effect. Therefore, we deduce that the term   R 2   is redundant and designate it as a redundant term. The redundancy of the term   R 2   could cause an overestimation of the entrainment rate at the fog top, possibly resulting in unrealistic dissipation at the bottom of the sea fog.




2.2. Budget Contribution Analysis of LWC and     θ   v    


The LWC within sea fogs over the Yellow Sea is typically quantified using the cloud water mixing ratio (    q   c    ), as demonstrated in previous studies [3,38]. Thus, the formation, development, and dissipation of sea fog can be regarded as a progression of     q   c     within the marine PBL. As a part of this study, analyzing the LWC budget contribution offers an exact method to look closely at the dissipation process at the bottom of the sea fog. As shown in previous studies [39,40,41], the     q   c     budget can be affected by specific physical processes. The contributions to the     q   c     budget in the WRF model can be described in a     q   c     tendency equation by


        ∂   q   c     ∂ t   =   (   q   c   )   a d v   +   (   ∂   q   c     ∂ t   )   m p   +   (   ∂   q   c     ∂ t   )   d i f   .  



(9)




The terms on the right-hand side in Equation (9) correspond to the changes (i.e., decrease or increase) caused by advection (i.e.,     ∂   u   i     q   c     ∂   x   i      ), microphysics, and turbulence diffusion, respectively. Specifically, the term ‘microphysics’ is mainly associated with processes such as condensation, evaporation, collision, and coalescence. On the other hand, the term ‘turbulence diffusion’ refers to the vertical transport by turbulence, as well as to the sedimentation of fog droplets and horizontal diffusion.



The LWC within sea fog can be affected by     θ   v     through the LWC-LRC feedback and the entrainment–mixing feedback. Similar to the budget contribution analysis of LWC, we also conducted an analogous examination for     θ   v     using the following equation


        ∂   θ   v     ∂ t   =   (   θ   v   )   a d v   +   (   ∂   θ   v     ∂ t   )   m p   +   (   ∂   θ   v     ∂ t   )   d i f   +   (   ∂   θ   v     ∂ t   )   r a d   +   (   ∂   θ   v     ∂ t   )   a c o     .  



(10)




In Equation (10), the tendency of     θ   v     is governed by five terms on the right-hand side. These terms correspond to the changes of     θ   v     by advection, microphysics, turbulence diffusion, radiation, and acoustics, respectively. The first three terms are similar to the right-hand three terms in Equation (9), respectively. The fourth term relates to the radiation process, and the last term is relevant to acoustic waves, and is minor and can be omitted.



Because the WRF model cannot directly output the tendency of each term in Equations (9) and (10), we allowed the WRF model to output those variables corresponding to each term at a high frequency, such as every 3 min. In the calculation of a tendency, its differential was treated as a difference that was computed using two sequential outputs. The changes at 3 min of each term were taken to conduct budget analysis. To ensure that the calculation was correct, the values on both sides of the equation were examined to confirm their equivalence.




2.3. Data Sets


The eighth Himawari geostationary weather satellite (Himawari-8), operated by the Japan Meteorological Agency (JMA), provides infrared and visible cloud images with which to observe sea-fog scenarios. Himawari-8 satellite is a new-generation geostationary meteorological satellite from Japan that has been in use since 2015. It can provide high temporal resolution (per 10 min) and spatial resolution (e.g., 2 km) visible and near-infrared light observation data [42]. The Himawari-8 images used in this paper were obtained from the Central Weather Agency of the Ministry of Transportation of Taiwan province.



The CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) satellite, which is equipped with the CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) lidar. It has provided nearly continuous measurements of clouds and aerosols in the atmosphere since its launch on 28 April 2006 [43]. The vertical sample spacing of CALIPSO observation data can reach 30 m within an altitude of −0.5~8.2 km, which allows for the observation and confirmation of the contour of vertical sea-fog profiles. This is achieved by analyzing the overall attenuation backscatter coefficient at a wavelength of 532 nm (    β   532 n m   ′    ). When     β   532 n m   ′     is greater than   0.03     k m   − 1     s r   − 1     in two consecutive layers or more, it is judged as fog [44]. It is important to mention that the threshold of 0.03 may be slightly higher, but this can enhance the reliability of fog verification. When the fog exists, the fog-bottom and fog-top are judged with the criterion of     β   532 n m   ′     >   0.03     k m   − 1     s r   − 1     from bottom to top based on the data above the surface. If the first layer above the surface is foggy, the fog-bottom height is specified as 0 m. A seven-point moving average is used with the fog-top and fog-bottom height to mitigate drastic fluctuations. Additionally, fog dissipation is assessed through buoy measurements obtained from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS).



The European Centre for Medium-Range Weather Forecasts reanalysis 5 (ERA5; 0.25° × 0.25° horizontal resolution and three-hourly interval) [45] is employed to drive the WRF simulation. The sea-surface temperature (SST) from the North East Asian Regional Global Ocean Observing System (NEAR-GOOS; 0.25° × 0.25°, daily) provides the ocean conditions for the WRF simulation.





3. Numerical Experiments


3.1. Sea-Fog Case


A widespread sea-fog event occurred over the Yellow Sea during 24–25 March 2021. Figure 3 depicts the satellite-observed cloud images of the sea-fog development process. It became apparent that the sea fog originated in the northern region of the Yellow Sea on the night of March 24 (Figure 3a) and subsequently expanded towards the south (Figure 3b–d). Starting at 0800 LST (local standard time; LST = UTC + 8 h) on March 25 (Figure 3e), it appears that the sea fog reached the mature phase, and the portion on land rapidly dispersed after sunrise (cf. Figure 3e,f). Nevertheless, its portion over the sea exhibited a gradual rate of progress (Figure 3e–g). The western boundary of sea fog over the central region of the Yellow Sea was slowly expanding westward, as shown in Figure 3f,g. The sea fog persisted until at least the evening (Figure 3h).



Based on previous research [10,46], the brightness of a sea-fog patch in a visible cloud image can be used to estimate the depth of sea fog, with a brighter color indicating a higher fog top. Observing the fog patch shown in Figure 3e–g, the eastern portion of the sea fog appears to be brighter white than the western portion. As a result, the fog tops are higher in the east and lower in the west (hereafter termed “higher-E and lower-W”). Figure 4 clearly illustrates this higher-E and lower-W feature, showing the visible albedo averaged from the Himawari-8 satellite data at three visible bands (i.e., 0.45 μm, 0.51 μm, and 0.86 μm).



The CALIPSO satellite crossed over the sea fog at around 1336 LST on March 25. The blue line N-S in Figure 1b represents the path of the CALIPSO satellite as it crossed over the sea fog, and Figure 5 displays the corresponding intersection of the total 532-nm attenuated backscatter signals (i.e., aforementioned     β   532 n m   ′    ) of the CALIPSO. The threshold of 0.03 specified in Section 2.3 is used to distinguish sea fog in Figure 5, where the top and bottom heights of the fog are represented by red lines. As shown in Figure 5, the sea fog top fluctuates above 140 m in many locations, occasionally reaching or exceeding 200 m. In the area just southeast of location N, the top of the sea fog with a dissipated bottom reaches around 200 m. In contrast, the bottom does not dissipate in other regions, especially near location S.



From the analysis on     β   532 n m   ′     of CALIPSO, it appears that the southern portion of the fog bottom did not dissipate around 1300 LST on 25 March. Also, six buoys provided hourly measurements of sea-surface temperature (SST) and 2-m air temperature (see Figure 1b for the buoy sites as black and red solid dots). Unfortunately, humidity-related variables are not available. Previous studies on the sea fog over the coastal waters of China reveal that the 2 m air temperature within the sea fog is frequently observed or simulated as lower than SST [26,47,48]. Figure 6 displays a time series of hourly differences between the 2 m air temperature and SST (    T   a i r − s e a    ) at six buoys (see Figure 1b for their locations). Buoys 1 and 2 are situated in a clear-sky region, while buoys 3–6 are situated within the fog (Figure 1b). In Figure 6, buoys 3–6 consistently had     T   a i r − s e a     values below 1 °C, especially after 1100 LST. These values were significantly lower than those observed at nearly the same latitude (buoys 1 and 2) and continue to fall, eventually falling below 0 °C. The continual decline in     T   a i r − s e a     could be due to the development of sea fog or cold advection. The region covering buoys 3, 5, and 6 experienced prevailing southerly winds originating from the warmer sea area (see winds and SSTs in Figure 1a), indicating that there was no occurrence of cold advection. Therefore, there is a strong likelihood that fog remained in this region.



The analysis above demonstrates the development of sea fog, with a particular focus on its height. It also underlines the absence of fog-bottom dissipation in the southern foggy region after 1300 LST. These findings serve as crucial benchmarks for assessing the effectiveness of the next numerical experiments.




3.2. Model Configuration


The Advanced Research Core of the WRF model, version 4.3 (ARW) [13], was employed to simulate the sea fog scenario described earlier. Figure 1a shows the simulation’s two one-way nested domains. The two domains have horizontal resolutions of 30 and 10 km, respectively. The vertical coordinates of the model are composed of 57 full-η vertical levels (Full-η levels: 1.0000, 0.9975, 0.9935, 0.9899, 0.9861, 0.9821, 0.9777, 0.9731, 0.9682, 0.9629, 0.9573, 0.9513, 0.9450, 0.9382, 0.9312, 0.9240, 0.9165, 0.9088, 0.9008, 0.8925, 0.8835, 0.8730, 0.8580, 0.8380, 0.8160, 0.7918, 0.7625, 0.7084, 0.6573, 0.6090, 0.5634, 0.5204, 0.4798, 0.4415, 0.4055, 0.3716, 0.3397, 0.3097, 0.2815, 0.2551, 0.2303, 0.2071, 0.1854, 0.1651, 0.1461, 0.1284, 0.1118, 0.0965, 0.0822, 0.0689, 0.0566, 0.0452, 0.0346, 0.0249, 0.0159, 0.0076, and 0.0000) up to 50 hPa, with 21 full-η levels located within the lowest 1 km.



The YSU PBL scheme [14] with the ysu_topdown_pblmix option [21], was used in conjunction with the revised MM5 (Fifth-generation Mesoscale Model) surface layer scheme [49]. The chosen physical options for the simulations consisted of the Lin microphysics scheme [15], the rapid radiative transfer model for general circulation model shortwave and longwave radiation schemes [50], the Kain–Fritsch cumulus scheme [51], and the unified Noah land surface model [52]. To improve accuracy in modeling the quantity of liquid water in fog, it is necessary to consider the gravitational settling of fog droplets. This has been discussed in studies such as those by Bergot et al. [53] and Zhou and Ferrier [54]. The simulations were performed by configuring the grav_settling option to 2.




3.3. Experimental Design


Four numerical experiments were designed and subsequently carried out to investigate the option ysu_topdown_pblmix. These experiments, as outlined in Table 1, served the purpose of investigating specific aspects. Two experiments, Exp-orig and Exp-notpd, were conducted to investigate the influence of fog-top entrainment on the simulation of sea fog. The ysu_topdown_pblmix option was enabled in one experiment but disabled in the other. As stated in Section 2.1, since the term R1 cannot be neglected, the term   R 2   in the entrainment-rate calculation is probably redundant, whereas the term   R 3   is essential. Two additional experiments, Exp-noR1 and Exp-noR2, were performed to investigate the functions of the terms   R 1   and   R 2   (as described in Formula (8)) in the process of fog-top entrainment.



In all experiments, the WRF model was driven by initial and lateral boundary conditions extracted from the ERA5 datasets, incorporating the SST data of NEAR-GOOS. The WRF model ran, starting at 0800 LST on 24 March 2021, for a duration of 36 h. The model was integrated at fixed time steps of 180 s and 60 s for domains D1 and D2, respectively. The initial 12 h period was dedicated to the process of spin-up, while the subsequent 24 h period was allocated for a thorough examination of the experimental results. The diagnostics were carried out on the inner domain D2 (Figure 1a), and the WRF model output was stored in two products at intervals of every half-hour and three minutes, respectively. The 3-minute product was specifically designed for performing the budget analysis of LWC and     θ   v    .



To determine the area and height of simulated sea fog based on the WRF model output, a threshold of 0.016   g     k g   − 1     for liquid water content (LWC) was utilized, as suggested by previous studies [10,18,19,55,56].





4. Results


4.1. Assessment of Simulated Sea Fog


The primary focus of the simulation results for sea fog was the fog area. Because it is challenging to accurately determine the extent of sea fog over the Yellow Sea based only on a small number of observations from ships and buoys, satellite visible and infrared images are commonly used as reliable evidence of sea fog (hereafter termed “observed sea fog”). Figure 3 depicts the observed sea fog that is distinguished from Himawari-8. Nevertheless, this kind of observed sea fog is more properly referred to as fog or stratus. To ensure a fair comparison between the simulated and observed sea fog, we used a bird’s-eye view to determine the simulated sea fog. The simulated sea fog was defined as areas where the following criteria were met: the LWC, denoted as the variable     q   c    , at the lowest model level is greater than 0.016   g     k g   − 1    , or the cloud-top height of the stratus is lower than 400 m [56]. The cloud-top was diagnosed by observing the LWC at model levels from bottom to top and identifying the point where it abruptly falls below 0.016   g     k g   − 1    . The criterion of 0.016   g     k g   − 1     corresponds to a visibility of less than 1 km, as calculated using the visibility formula by Stoelinga and Warner [57]; advection sea fogs are deeper than other types of fog but rarely exceed 400 m [56]. Figure 7 displays the simulated sea fog, including its areas and heights, for all experiments conducted between 0800 LST and 1700 LST on March 25.



All experiments, except for Exp-orig, essentially reproduce the features of sea-fog development during the daytime. This is seen by comparing the simulated sea-fog coverage with the observed sea-fog coverage in Figure 3. However, Exp-orig shows a noticeable dissipation around 1700 LST in the southern region, as shown in Figure 7dA. Upon closer inspection, significant differences can be seen in fog-top height (color shades) and fog area (blue contours). Note that the areas where the blue contours do not overlap with the color shades signify dissipation (as shown in Figure 7cA). Regarding sea-fog dissipation, the four experiments can be grouped as follows: Exp-notpd and Exp-noR2 exhibit no dissipation, whereas Exp-orig and Exp-noR1 exhibit dissipation. As for fog-top height, Exp-notpd has a significantly lower height compared to the other experiments, and the feature of “higher-E and lower-W”, observed by the Himawari-8 satellite (Figure 4) and discussed in Section 3.1, is not as well-captured as the other experiments.



Additional analysis was performed to gain insights of both fog-top height and the vertical structure of the simulated liquid water content. Figure 8 displays the vertical cross-section of LWC (i.e.,     q   c    ) for the four experiments along the north–south orbital track of CALIPSO shown in Figure 1b. The LWC within fog is significantly higher in Exp-notpd than in other experiments, with its maximum value shifted downwards to even reach the middle of the fog layer. This is not consistent with the “fog-top LWC peak” feature mentioned in Section 1, whereas the “fog-top LWC peak” feature appears to be reasonable in the other experiments. However, the average fog-top heights of both Exp-orig and Exp-noR1 appear to have a bias towards being higher, and unrealistic dissipation at the bottom of sea fog is clearly evident (Figure 8a,c).



After comparing the simulated sea fog with the observed facts, an assessment was conducted to evaluate the performance of the four experiments. The assessment focused on the following four examination items:




	
Is the feature of “higher-E and lower-W” well captured?;



	
Is the feature “fog-top LWC peak” evident?;



	
Are the fog top heights appropriate?;



	
Is the absence of unrealistic dissipation true?








Table 2 shows the assessment results. Comprehensively considering all four examination items, Exp-noR2 demonstrates the best result compared to the other experiments. Exp-notpd performs the worst, whereas Exp-noR1 and Exp-orig perform similarly. It can be inferred that disabling the option ysu_topdown_pblmix has a substantial adverse impact, resulting in a fault that hinders the vertical development of sea fog, as demonstrated in Exp-notpd. Although enabling the option ysu_topdown_pblmix can effectively fix this fault, which has been pointed out by Yang and Gao [19], it has a side effect that causes sea fog to dissipate, starting from the bottom and then throughout the entire fog layer (cf. Figure 7cA,dA). It can be roughly confirmed that the unrealistic dissipation is closely related to the redundancy of the term   R 2   in the option ysu_topdown_pblmix, which introduces an extra entrainment rate at the fog top and could lead to the unrealistic dissipation.



We performed an additional experiment, labeled Exp-noR3, in which the term   R 3   was excluded. Compared with the results of the other experiments illustrated in Figure 7 and Figure 8, the outcome of Exp-noR3 (omitting figures) closely resembles that of Exp-notpd for the simulated area. However, when comparing its simulated sea-fog top to the “higher-E and lower-W” feature observed in Figure 4, Exp-noR3 is not as satisfactory as Exp-noR2. Regarding the vertical structure of LWC, the “fog-top LWC peak” characteristic in Exp-noR3 is inferior to that of Exp-noR2. Hence, it demonstrates that the redundant term is   R 2  , not   R 3  .




4.2. Explanation for Unrealistic Dissipation


An investigation was carried out to examine the relationship between fog-top entrainment and unrealistic dissipation at the bottom of the fog in the experiments Exp-orig and Exp-noR1. The investigation focused on the southern part of the N-S vertical cross-section, specifically the M-S section shown in Figure 1b and Figure 5, where the unrealistic dissipation occurred. Figure 9 shows the evolutions of the fog top and LWC within the fog over time, with a specific focus on the dissipation of fog at the bottom (where     q   c     < 0.016   g     k g   − 1    ). The figure also includes information about the entrainment rate (    w   e    ) and its three components (  R 1  ,   R 2  , and   R 3  ; defined in Formula (8)), as well as the tendencies of     θ   v     generated by turbulent diffusion and longwave radiation (see Equation (10)).



Figure 9 shows that the fog top gradually rose with time after 0900 LST (Figure 9bA), while the LWC near the bottom, directly under the significantly increasing fog top, started to decrease (Figure 9bA,cA) and eventually dissipated (Figure 9dA–fA). The fog-top entrainment rate (    w   e    ) appears to have increased considerably prior to the onset of fog-top growth, as indicated by the bold-dashed brown arrows crossing the first and second row of panels in Figure 9; the term   R 1   is the smallest of the three components of     w   e    , whereas the terms   R 2   and   R 3   are nearly equal and significantly larger (Figure 9aC–fC). Despite being the smallest component, the term   R 1   cannot be disregarded utterly. The term   R 2   has a significant impact on the overestimation of     w   e    , which in turn affects the simulation results for sea fog. It should be considered to modify the calculation of     w   e    ; the actual improvement in simulation will be detailed in Section 4.3.



By observing the tendencies of     θ   v    , it is found that a cooling tendency at the fog top is apparent (Figure 9aD–fD), whereas a warming tendency at the fog bottom is significant (Figure 9aE–fE). According to the LWC-LRC feedback mentioned earlier in the introduction, cooling at the fog top is primarily dominated by the mechanism of longwave radiative cooling. The warming near the fog bottom, on the one hand, is partially influenced by the warmer sea surface (Figure 9aE–fE). As the sea-fog layer gets thicker [25,26], the entire fog layer will cool, resulting in a cooler fog bottom and a relatively warmer sea surface (see “surface warming” in Figure 2) [19,26,58]. On the other hand, the warming within the entire fog layer is primarily due to entrainment–mixing feedback, because turbulent mixing controls a large portion of the warming. When comparing the vertical range and intensity of the fog-bottom warming produced by turbulent mixing (Figure 9aD–fD) and longwave radiation (Figure 9aE–fE), it is evident that the turbulent mixing had a considerably larger impact between 0830 LST and 1100 LST. For instance, especially around 1030 LST and 1100 LST, turbulent mixing caused a warming tendency of up to   6 ×   10   − 4       K   s   − 1     (about 2    K   h   − 1    ) near the fog bottom (Figure 9eD,fD), accelerating dissipation near the fog bottom (Figure 9eA,fA). This illustrates the significant importance of the fog-top entrainment process in the dissipation of the fog bottom.



In order to establish a clear link between the process of fog-top entrainment and fog-bottom dissipation, we investigated two specific positions at the bottom. The first position, marked as S in Figure 9, represents a scenario where unrealistic dissipation never took place. The second position, denoted as C in Figure 9, represents a scenario where unrealistic dissipation did occur. Figure 10 shows the temporal evolution of LWC and     w   e     over time, from 0830 LST to 1030 LST on 25 March. At around 0900 LST, the fog-top entrainment at location C became considerably stronger, while the LWC at the fog bottom rapidly decreased until it approached zero at around 0950 LST (Figure 10a), indicating the dissipation of fog. However, the fog-top entrainment at location S remained very weak, and the LWC near the fog bottom also stayed around 0.12   g     k g   − 1     (Figure 10b), indicating the maintenance of fog.



Subsequently, we conducted a thorough examination of each individual contribution to the     q   c     budget at the two designated locations, S and C, as depicted in Figure 9. The contributions to the     q   c     budget consist of the following three components: advection (adv); microphysics (mp); and turbulence diffusion (dif) (see more details in the description of Equation (9) in Section 2.2). For simplicity, these components are hereafter termed adv-term, mp-term, and dif-term, respectively. Figure 11a presents the analysis results, including the three components and     q   c     during the period from 0830 LST to 1100 LST on 25 March. The     q   c     budget term governed by turbulence diffusion is positive (i.e., term-dif; see green line), leading to an increase in fog droplets through turbulent transport. Conversely, the     q   c     budget term controlled by microphysics is negative (i.e., term-mp; see red line), resulting in a decrease in fog droplets by evaporation). The above two     q   c     budget terms nearly exhibit the evolution of a reversed-phase pattern, indicating that the evaporation process can nearly balance the increase in     q   c     caused by the turbulent transport process.



However, the balance between term-dif and term-mp is a local quasi-equilibrium. The     q   c     tendency, which governs the evolution of     q   c     with time, is dominated by this balancing and an additional term-adv. Normally, term-adv merely moves     q   c     from one part of the sea fog (where LWC is relatively more abundant) to another part (where LWC is relatively less abundant), and shares the same sign as the quasi-equilibrium result. At locations S and C from 0830 LST to 1000 LST (Figure 11a), it is observed that the local quasi-equilibrium result between term-dif and term-mp is positive at location S (i.e., term-mix plus term-mp; see black solid line) and negative at location C (see black dashed line). With the aid of the weak term-adv (see yellow solid line in Figure 11a) or the strong term-adv that has the same sign as that of term-mix plus term-mp (see yellow dashed line in Figure 11a), the positive     q   c     budget at location S and negative     q   c     budget at location C (see blue lines in Figure 11a) drive the evolution of     q   c     with time, as depicted in Figure 11b.



Therefore, we consider that the primary cause of the negative qc tendency resulting in unrealistic dissipation is the negative term-mp, indicating that the evaporation in microphysical processes surpasses the turbulent diffusion transport. The phenomenon is the result of the entrainment–mixing feedback occurring at the top of the sea fog, where the entrainment process brings drier and warmer air to the fog bottom, thereby enhancing the evaporation effect.




4.3. Modification of Fog-Top Entrainment


Compared with Exp-orig, unrealistic dissipation still occurs in Exp-noR1 with the removal of the term   R 1  , but this unrealistic dissipation disappears in Exp-noR2 with the removal of the redundant term   R 2   (Figure 7 and Figure 8). The analysis of the contributions to the     q   c     budget indicates that the entrainment–mixing feedback is important in dissipation at the bottom of sea fog. It is confirmed that unrealistic dissipation in the lower part of sea fog is attributed to additional entrainment introduced by the term   R 2  . As mentioned earlier, the terms   R 2   and   R 3   are almost equal and significantly larger than the term   R 1  . The terms   R 1   and   R 2   represent the impacts on the entrainment rate in the dry convective boundary layer. When fog is present within the boundary layer, the entrainment rate should be mostly dominated by the term   R 3  . However, the sum of the terms   R 1   and   R 2   is greater than the term   R 3   (Figure 9aC–fC) in this simulation, inferring that the existence of the term   R 2   is inappropriate and leads to an overestimation of the entrainment rate. Moreover, this overestimation will increase with the increase in   R 3  . Therefore, we proposed a modification of the option ysu_topdown_pblmix, namely, removing the term R2 in Formula (8).



We contrasted Exp-noR2 with Exp-orig to observe the increments caused by the term   R 2   to obtain a better understanding of its role in the simulation. Figure 12 illustrates the changes resulting from the removal of the term   R 2   (Exp-noR2 minus Exp-orig) within the M-S cross-section during the period from 0924 LST to 1000 LST, using the 3-minute product of the WRF simulations. It shows how the entrainment–mixing feedback affected the gradual formation of unrealistic dissipation near the fog bottom. Upon careful examination of the southern part of the M-S cross-section, it is clear that the rapid growth of the fog top in Exp-orig was restrained. This can be observed by comparing the red solid line with the red dotted line (the first row of panels in Figure 12). Beneath the expanded fog top in Exp-orig, the LWC of Exp-noR2 was much higher than that of Exp-orig, with a difference of around 0.2–0.3   g     k g   − 1    . The presence of the term   R 2   in Exp-orig caused the interior of the sea fog to become less humid through the entrainment–mixing feedback, resulting in the rapid dissipation of the fog bottom within approximately thirty minutes (from 0924 LST to 1000 LST). This can be seen by the circle dots and solid lines near the bottom of panels in Figure 12aA–dA, with the circle dots representing the same location as C in Figure 9). The removal of the term   R 2   from Exp-noR2 was beneficial because it corrected the drier bias that existed in Exp-orig (see the zone with a positive increment of LWC above the circle dot).



Compared with Exp-orig, near the fog bottom, the evaporation effect in Exp-noR2 was weakened (see the zone of a negative increment in Figure 12aB–dB) and the increase in     q   c     caused by turbulent transport was enhanced (see the zone of a positive increment in Figure 12aC–dC). As a result, the dissipation did not occur in Exp-noR2. Since the quasi-equilibrium result of the evaporation in microphysics and turbulent transport near the fog bottom is closely related to the dissipation of sea fog, an analysis of the     q   c     budget at location C was conducted for both Exp-orig and Exp-noR2. Figure 13 shows the analysis result, demonstrating the time series of     q   c     budget and the evolution of     q   c    . From 0830 LST to 1000 LST, the results of Exp-noR2 were very similar to those of Exp-orig at Location S, where Exp-orig did not experience dissipation, but the sum of term-mp and term-dif was larger and term-adv was significantly positive (cf. Figure 11 and Figure 13). It is worth noting that the     q   c     budget of Exp-noR2 had a negative value between 1000 LST and 1100 LST (see solid light-blue line in Figure 13a). This led to an obvious decrease in     q   c    , but it still remained much higher than the fog criteria (i.e., 0.016   g     k g   − 1    ) (see solid line in Figure 13b).



We performed an evaluation of Exp-orig, Exp-noR1, and Exp-noR2 using the CALIPSO-observed heights of the fog top and fog bottom as the baseline, as depicted in Figure 5. As shown in Table 3, Exp-noR1 is slightly better than Exp-orig, while Exp-noR2 performs best and is closest to the observations. The improvement rates of Exp-noR1 and Exp-noR2 relative to Exp-orig were calculated (For example, the improvement rate of Exp-noR1 relative to Exp-orig was computed using the formula         d i f f   1     −     d i f f   2           d i f f   1       × 100 %  , where     d i f f   1     (    d i f f   2   )   represents the height difference between Exp-orig (Exp-noR1) and     β   532 n m   ′    ). The fog-top height and fog-bottom height show a rise of 62% and 86%, respectively, compared to Exp-orig. In contrast, the improvement rates for Exp-noR1 are 21% and 32%, respectively. In addition, we computed the vertically integrated LWC for the three experiments. The average values obtained were 0.8   g     k g   − 1     for Exp-orig, 0.9   g     k g   − 1     for Exp-noR1, and 1.2   g     k g   − 1     for Exp-noR2. The average value of Exp-noR2 is approximately 50% higher than that of Exp-orig, indicating the effects of dehumidifying and warming induced by the term   R 2  .





5. Conclusions and Discussion


The entrainment zone is the region of statically stable air located in the uppermost part of the mixed layer. It acts as a bridge between the free atmosphere and the planetary boundary layer through the process of entrainment. Sea fogs over the Yellow Sea generally belong to the advection cooling type. An advection fog over the Yellow Sea typically forms within a thermal internal boundary layer, and the interior of sea fog can be regarded as a mixed layer, with the fog-top entrainment dominating the fog growing in thickness. Therefore, in the modeling of sea fog, the parameterization of fog-top entrainment is a critical issue.



The YSU PBL scheme in the WRF model includes an option ysu_topdown_pblmix, which is a parameterization for fog-top entrainment proposed by Wilson and Fovell [21] for valley radiation fog to lift ground fog upward onto the low stratus as realistically as possible. Yang and Gao [19] pointed out that sea-fog simulations can benefit from this option to improve the vertical development of sea fog and, hence, the fog area. However, when the option ysu_topdown_pblmix is activated on the WRF-based Yellow Sea fog prediction system we developed, the prediction system usually produces an unrealistic dissipation of sea fog. To explore the reason why this unrealistic dissipation is generated, we first theoretically analyzed the option and then examined it in detail through numerical simulations employing the WRF model. A widespread sea fog over the Yellow Sea was utilized as a case study, and an investigation was conducted using four experiments, including one control experiment as the baseline, and three sensitivity tests. The main conclusions are summarized as follows:



	
An assessment was performed utilizing the observed facts, which included satellite visible images for identifying the fog area and fog-top horizontal distribution characteristics, as well as the     β   532 n m   ′       signals of the CALIPSO data for contrast information for fog-top and fog-bottom heights. The option ysu_topdown_pblmix should be enabled because it essentially facilitates the vertical development of sea fog. Otherwise, the fog-top height seriously deviates from the observation and the vertical structure of LWC is far from reasonable;



	
However, enabling the option ysu_topdown_pblmix produces unrealistic dissipation. Sensitivity test results, the LWC, and the     θ   v     budget contribution analysis show that unrealistic dissipation is directly due to the negative     q   c     tendency near the fog bottom resulting from evaporation in the microphysical process suppressing turbulent diffusion transport. This negative     q   c     tendency is a result of the entrainment–mixing feedback, where drier and warmer air is carried to the fog bottom, thereby enhancing the evaporation process. Nevertheless, the entrainment rate in the entrainment–mixing feedback is overestimated, which is attributable to the minimum threshold term in the option ysu_topdown_pblmix;



	
When modeling sea fog, the option ysu_topdown_pblmix can be significantly improved by removing the redundant term   R 2  , as indicated by the results of the sensitivity tests. However, this modification strategy necessitates more instances of sea fog to validate its efficacy.






Although we explained the reason why enabling the option ysu_topdown_pblmix in the WRF model causes sea fog to dissipate and provide a simple improvement method, this study is still preliminary. In the option ysu_topdown_pblmix, the key variable       (   w   ′     θ   v   ′   )   h    ¯    describing the fog-top entrainment is also added to the profile of the eddy diffusivity coefficient (i.e.,   K  -profile), resulting in a substantial change to the original   K  -profile in the YSU PBL scheme when fog is present. The position of maximum LWC within the interior of sea fog may be related to this   K  -profile. Furthermore, the variable   E   in Equation (5) represents a correlation between the evaporation and fog droplets involved with the LWC at the fog top, and its coefficient     α   2    , derived from the results of LES [36], is still extremely uncertain. A value of 8 is currently adopted according to the LES simulation results of valley fog [21], but some studies suggest that a value of 15 is more appropriate [33], or even a value of 60 for cloud [36]. The value of     α   2     needs further exploration, especially after removing the minimum threshold amplitude 0.2. It is widely recognized that the vertical resolution of the WRF simulation is coarser compared to that of the LES. Consequently, the model’s ability to reliably predict the fog-top LWC is often compromised. Additionally, the coefficient   A   may also be influenced by the vertical resolution. These concerns suggest that the entrainment rate     w   e     should be formulated as a function that depends on the vertical resolution, which is a topic worthy of further investigation in the future.
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Figure 1. (a) Geographic map of the Yellow Sea (YS, the region bounded by two yellow lines) and two nesting domains (D1 and D2) used for WRF simulations; and (b) snapshot of Himawari-8 visible-light cloud imagery at 1330 local standard time (LST; LST = UTC + 8 h on 25 March 2021 derived from Japan Meteorological Agency website. Distributions of sea-surface temperature (SST, color-shaded) (The SST data is provided daily from North-East Asian Regional Global Ocean Observing System (NEAR-GOOS) dataset) and 10-m wind field (barbs; a full barb denotes   4     m   s   − 1    ) (The 10-m wind data is provided hourly from The European Centre for Medium-Range Weather Forecasts reanalysis 5 (ERA5; 0.25° × 0.25° horizontal resolution)) at 1100 LST on 25 March 2021 are shown in panel (a). Panel (b) depicts the orbital track of Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) over the sea-fog area as a blue line with makers N, M and S for later analysis in Section 3.1, while six buoy sites are presented by solid black and red dots. 
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Figure 2. Schematic diagram of sea-fog evolution indicating the inversion before sea-fog formation, bottom-up diffusion generated by vertical wind shear, top-driven diffusion induced by fog-top cooling, and top-down mixing by fog-top entrainment and cooling. The arrow on the left shows warm-moist advection, the upward and downward arrows mark the sources and transport directions of turbulence, the curls mean turbulent eddies (red and blue circles represent the chaotic turbulent eddies driven by top-driven diffusion and bottom-up diffusion, respectively), and the bold and thin gray curves denote the fog top and fog bottom, respectively.     T   a i r     and     T   s e a     denote 2-m air temperature and sea-surface temperature, respectively. See more details in the text. This figure is derived from Figure 2 in the paper by Yang and Gao [19]. 
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Figure 3. Sea-fog scenarios observed by Himawari-8 satellite. The red-color shaded patches in panels (a–d) denote nighttime fog, while the visible cloud images in panels (e–h) are used for daytime fog. 
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Figure 4. Visible albedo derived from the Himawari-8 satellite at 1330 LST on 25 March 2021. The feature of “higher-E and lower-W” is evident. 
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Figure 5. Representation of sea fog (black-gray-white shade) diagnosed from the total 532-nm attenuated backscatter signals of the CALIPSO data along the orbital track N-S in Figure 1b around 1300 LST on 25 March 2021. The red lines denote the top and bottom of the sea fog. 
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Figure 6. Time series of hourly differences between 2 m air temperature and SST (    T   a i r − s e a    ) at six buoys during the period from 0800 LST to 1700 LST on 25 March 2021. 






Figure 6. Time series of hourly differences between 2 m air temperature and SST (    T   a i r − s e a    ) at six buoys during the period from 0800 LST to 1700 LST on 25 March 2021.



[image: Remotesensing 16 01656 g006]







[image: Remotesensing 16 01656 g007] 





Figure 7. Spatial distributions of simulated sea fog from: (aA–dA) Exp-orig; (aB–dB) Exp-notpd; (aC–dC) Exp-noR1; and (aD–dD) Exp-noR2. The color-shaded region denotes sea-fog depth, and the blue contour depicts the sea-fog area at 10-m height above sea level with a value of LWC greater than 0.016   g     k g   − 1    . The solid dots in panels at 1400 LST denote the buoy sites shown in Figure 1b. The rows correspond to the four experiments and the columns represent four different time points, which are annotated at the top and left sides of the figure. 
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Figure 8. Vertical structure of the simulated liquid water content along the north–south orbital track of CALIPSO, indicated by the line N-S in Figure 1b. 
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Figure 9. Evolution of the vertical structure of simulated sea fog with time for Exp-orig along the CALIPSO orbital track shown in Figure 5 during the period from 0830 LST to 1100 LST on 25 March 2021: (aA–fA) liquid water content (LWC, i.e.,     q   c    ); (aB–fB)     w   e    ; (aC–fC) three components of     w   e    ; (aD–fD) tendency of     θ   v     governed by turbulent mixing (    θ   v    -  d i f  ); and (aE–fE) tendency of     θ   v     governed by longwave radiation (    θ   v    -  r a d  ). Red lines denote LWC with a value of 0.016   g     k g   − 1    , which outlines the sea fog/stratus. In the second row of panels, two dots, one solid and one circular, are labeled S and C, respectively. The bold-dashed brown arrows depict the relationship between the growth of fog-top and     w   e    . Further information may be found in the text. 
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Figure 10. Temporal evolution of the LWC and     w   e     at (a) location C (dash lines); and (b) location S (solid lines) from 0830 LST to 1030 LST on 25 March 2021. 
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Figure 11. (a) Time series of the     q   c     budget at 3 min intervals for locations S and C (solid and dashed lines); and (b) of evolution of     q   c    . The period is from 0830 LST to 1100 LST on 25 March 2021. In panel (a), dif, adv, and mp, represent term-dif, term-adv, and term-mp in the text, respectively. The black line denoted by mp + dif represents the sum of term-mp and term-dif. 






Figure 11. (a) Time series of the     q   c     budget at 3 min intervals for locations S and C (solid and dashed lines); and (b) of evolution of     q   c    . The period is from 0830 LST to 1100 LST on 25 March 2021. In panel (a), dif, adv, and mp, represent term-dif, term-adv, and term-mp in the text, respectively. The black line denoted by mp + dif represents the sum of term-mp and term-dif.



[image: Remotesensing 16 01656 g011]







[image: Remotesensing 16 01656 g012] 





Figure 12. Distribution of Exp-noR2 minus Exp-orig along the CALIPSO orbital track shown in Figure 5 during the period from 0924 LST to 1000 LST on 25 March 2021 for the three variables: (aA–dA) liquid water content (LWC, i.e.,     q   c    ); (aB–dB) tendency of     q   c     governed by microphysics; and (aC–dC) tendency of     q   c     governed by turbulent mixing. The solid red line represents the fog-top height in Exp-orig, whereas the dashed red line represents it in Exp-noR2. The circle dot in the first row of panels is at the same position as location C in Figure 9. 
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Figure 13. (a) Time series of the     q   c     budget at 3 min intervals for Exp-orig (solid lines) and Exp-noR2 (dashed lines); and (b) evolution of     q   c    . The period is from 0830 LST to 1100 LST on 25 March 2021. The definitions of dif, adv, mp, and mp+dif can be found in Figure 11. 
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Table 1. List of the numerical experiments.
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Experiments

	
Specification

	
Purpose






	
Exp-orig

	
Run with the ysu_topdown_pblmix option enabled

	
Assess the necessity of ysu_topdown_pblmix option




	
Exp-notpd

	
Run with the ysu_topdown_pblmix option disabled




	
Exp-noR1

	
As in Exp-orig, but the term   R 1   is removed

	
Investigate the function of   R 1  




	
Exp-noR2

	
As in Exp-orig, but the term   R 2   is removed

	
Investigate the function of   R 2  











 





Table 2. Summary of the assessment of all experiments. A mark of √ or × indicates that the answer to the corresponding examination item in the text is yes or no, respectively. The experiment with more points (i.e., √) performs better.
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Experiments

	
Examination Items

	
Activation Status of ysu_topdown_pblmix




	
Higher-E and Lower-W

	
Fog-Top LWC Peak

	
Fog-Top Heights

	
Absence of Dissipation






	
Exp-orig

	
√

	
√

	
×

	
×

	
On




	
Exp-notpd

	
×

	
×

	
×

	
√

	
Off




	
Exp-noR1

	
√

	
√

	
×

	
×

	
On without   R 1  




	
Exp-noR2

	
√

	
√

	
√

	
√

	
On without   R 2  











 





Table 3. Evaluation of Exp-orig, Exp-noR1, and Exp-noR2 against the     β   532 n m   ′     of the CALIPSO data. The percentages in parentheses denote the improvement rates relative to Exp-orig.
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Average Value

	
     β   532 n m   ′     

	
Experiments




	
Exp-orig

	
Exp-noR1

	
Exp-noR2






	
fog-top height (m)

	
132.9

	
145.2

	
142.6 (21%)

	
128.2 (62%)




	
fog-bottom height (m)

	
3.7

	
21.3

	
15.6 (32%)

	
1.2 (86%)




	
Average vertically integrated LWC     ( g     k g   − 1    )

	
/

	
0.8

	
0.9

	
1.2
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